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Outline

® Intro: Collider Dynamics, EFT, and Factorization
® New Tools For Hard Scattering (Jet Substructure, Multiple Vars)

® Application to Top Mass Measurements at the LHC

® New Tools for Forward Scattering (Glauber Operators)

® Application to understand BFKL evolution as operator ren.

® Llagrangian description of Factorization Violation

® Conclude



Introduction



Relevant Momentum Regions:

“n-collinear”

® C(Collinear Splittings
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onshell: ptp~ = p?

® ® Hard Propagators (short dist.)
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Hard Scattering Collisions: J, virtuality
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EFT for collider physics = Soft Collinear Effective Theory
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EFT Principles used for SCET

e Matching QCD & SCET must agree at long distances
short distance encoded by coefficients,

® Power Counting for fields, states, amplitudes with loops
Rigorously track expansions

Power counting theorems

e Symmetry  Gauge symmetry within sectors

Lorentz & Reparameterization symmetries



Relevant Modes

A<1  large Q
mode fields p* momentum scaling physical objects type
ng-collinear $nar A (Mo "D, Mg "D, PLa) ~ QAN 1, ) collinear initial state jet a onshell
np-collinear Eny > Al (np - p, - Py p1p) ~ QN2 1,0) collinear initial state jet b onshell
n ;-collinear Enyr Al (nj-p, 7y p,pis) ~ QA% 1,N) collinear final state jet in n; onshell
soft s, Ag Pt~ QA AN soft virtual /real radiation onshell
Glauber = P~ QAN N), a+b > 2 forward scattering potential offshell
hard = p? 2> Q? hard scattering offshell
Integrate out
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Hard-collinear factorization
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Hard-collinear factorization QCD
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Soft-collinear factorization
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Soft radiation knows only about bulk properties
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Hard Scattering Factorization: J. QCD
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ldea of how factorization arises in SCET:
factorized Lagrangian:  Litpr,s.my = £5 (Vs As) + D LY (6., An,) +>§f

factorized Hard Ops: €' ® (B,,, 1) (Bn, 1) By 1) (Xns) (Xns ) (S, S0y Sy 500 95s)



Hard Scattering Factorization: J. QCD

EAMH
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@ P Ly / / / J,
7 = SCET
time g = /\ Wiy, LB
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ldea of how factorization arises in SCET:
factorized Lagrangian:  Litpr,s.my = £5 (Vs As) + D LY (6., An,)

factorized Hard Ops: €' ® (B,,, 1) (Bn, 1) By 1) (Xns) (Xns ) (S, S0y Sy 500 95s)

w > factorized squared matrix elements defining jet, soft, ... functions



Hard Scattering Factorization: J. QCD
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Nonperturbative: do = fafb X o R F\

hadronization
:up = AQCD (In some cases by Operators,

or is power suppressed)

eg. Perturbative: 0ot = Lo Ly @ H HZ.J,,; ) 5 Used to Sum

Logs
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Universal Functions: beam hard jet pert. soft



Examples of Factorization:

® Inclusive Higgs production pp — Higgs + anything
B d&, dfb | el mge’ mpge ¥
v /dYZ/ e, g, TG oo HE (g e T )

(Collins, Soper, Sterman)

(PDFs contribute, No Glaubers, No Softs)



e Dijet production efe™ — 2 jets .

n-collinear
jet

thrust 7 <1 c= |
do L / 2 / /
-
hard jet functions  perturbative

function soft function

(No PDFs, No Glaubers, Softs contribute)
P~ A

Modes: 020t
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n-collinear

jet

soft particles

perturbative
soft function

NSLL/ + O(a?)
Two parameter fit:

e Dijet production e"e — 2 jets
thrust 7 <1
do L / 2 / /
-
hard jet functions
function
(No PDFs, No Glaubers, Softs contribute)
T dg
o dr
0-4' L e s
; Fit at N3LL for a.(mz) & Q,
h 0'3:_ theory scan error |
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® Higgs with a |etVeto
gg J pJet <pcut < m

pp — H—l— O—jets AQCD < pcut

CUt) Hgg(mpy) X |[Bg(mpy apCUt R)]2

X Sgq(PT" R)

oo(p

(PDFs and Softs contribute, Glaubers?)

Bg _Igj(

Berger, Marcantonini, IS
Tackmann, Waalewijn

Banfi, Salam, Zanderighi

Becher & Neubert
I1.S., Tackmann, Walsh, Zuberi

(anti-kT jets, radius R)
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Factorization:

e Underlies all theoretical predictions for predictions of collisions.
(Perturbative calculations & Monte Carlo)

® Allows us to distinguish functions which are

perturbative: calculate with an expansion in oy < 1

non-perturbative: extract from data exploiting universality, cvg ~ 1

® (Can exploit dependence of the functions on scales ,uz-

to sum series of large logarithms: Zaka In?* (2 Zb o In*(

chak+2ln (2)

k

® Has been tested experimentally for more processes than we have
complete proofs.



Underlying Event?

® Radiation not described by primary hard scattering.

® Modeled by Multiple Particle Interactions (MPl) in Monte Carlos

No rigorous theoretical derivation in
a factorization framework.

20



New Tools for Hard Scattering

Jet Substructure

. . More Scales!
Multiple Variables

21



Jet Substructure: key tools for: e grooming jets

® tagging subjets

L

EXPERIMENT

eg. W/Z tagging in 2016 2 @

Soft Drop Trimming

Larkoski, Marzani, Soyez, Thaler Krohn, Thaler; Wang

N-subjettiness D>

Thaler, van Tilburg Larkoski, Moult, Neill

(see also Stewart, Tackmann, Waalewijn)

22



More scales:
Collinear Subjets  Bauer, Tackmann,Walsh, Zuberi 2012

Mateh To Fartariae Vi rtual ity
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also used for:

Multiple Measurements: Procura, Waalewijn, Zeune 2014

. Chien, Hornig, Lee; Becher, Neubert, Rothen,Shao;
Sum LOgS OfJet RadIUS, In(R) Hornig, Makris, Mehen; Kolodrubetz, Pietrulewicz, IS,

23 Tackmann, Waalewijn, ...



More scales:
Soft Subjet Larkoski, Moult, Neill

Match To Factiow Factorize

SCET St Flametion Boundary Solts

Sﬂﬁlla)

Factorization theorems for both collinear and soft subjects

virtuality
A

were use for for the calculation of Dy by Larkoski, Moult, Neill

24



Soft DI"OP Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

min(pT’iaij) > Zent (AR'LJ )6 < > Zcut 9/8
pri + P Ro
two grooming parameters
Groomed Jet Groomed
Clustering Tree
f Zg
[ — il —zg Ieg
More Grooming Less Grooming
: >

P e B<O B=0 B>0 B~ o0



Calculating Mass!?

Larkoski, Marzani, Soyez, Thaler 2014

Pythia 8, partonic

Pert. QCD at ~NLL

0.25 ] I L] LR B 0.25 T '
- E'a'n jet —_— plalnjet SO|Id mult emT‘
— B=2 — B=
0.2  — B=1 - 02 L —— B=
B=0 E=o Sudakov factor
—— B=-05 — B=05
0.15 |- = 0.15 |- / =
R=1, p>3 TeV R=1, p>3 TeV
zcut=0.1 zcut=0.1
0.1 I - 0.1 -
0.05 —/ i / - 0.05 —/ i
0 1 1 ll 1 1 ll 1 1 ll 1 L1 O L1 1 11 1 L1 L 1 ll 1 1
10® 10° 10* 10° 102 10" 10° 10° 10° 10* 10° 102 107 10°
m?/pt? m?/pt?
More Grooming l l l l Less Grooming l
: >
B—»-oo B<O B=O B>O B—»oo



Soft DI’OP Factorization Frye, Larkoski, Schwartz,Yan 2016

Factorize
Match to SCET Jet Function

zcut

pasE HAdds

Collinear
L, functi
log ~ - unction SC
do
d — H(QQ)SG(Zcutaﬁ)
€9 .

X [50(62, Zeut, B) @ J(@)}

Isolates measurement

H(Q?) JE) ‘ achieve NNLL precision
- 1 1 loél
—log —— b



Extracting a Short Distance Top Mass at the LHC

CMS: mM© =172.444+0.49 ATLAS: m}® =172.84 4+ 0.70

To improve on the current experimental measurements:

® must use a kinematically sensitive LHC observable

e theoretically tractable (factorization at Hadron level),
to obtain a measurement in a precise mass scheme

® control contamination (ISR, Underlying Event, ...)

or calibrate the m}"'“ parameter in Monte Carlo with

Hadron level theory predictions  Butenschoen, Dehnadi, Hoang,
(not discussed today) Mateu, Preisser, IS 2016

28



Top Jet Mass with Soft Drop pr > mr > I't > Aqep

A.Hoang, S. Mantry, A. Pathak, IS (to appear)
e Boosted lops P > My retain top decay products
m t )
e FatJets R> — —h .
pr ¥
e Sensitivity S ~ 1"} for measurement of jet-mass 770;
 m—m
S = o peak region
mt 0010} A
0.008 S -~ F tail
® Grooming Zcut s 6 A region
0.004} S >> F
o JetVeto 7

172 174 176 178 180

(Perturbative and Nonperturbative effects give I' > 1'; )
29



Without Soft Drop: ete” — tt

QCD
® Factorization Thm. derived with hemisphere
masses. Fleming, Hoang, Mantry, IS 2007 l
d?o SCET
AT Ho(Q)H, (m, Q/m) / dede’ dikdk l
Qe QY
X Jt (St — — Ft, 5m) Jt (St ,Ft, 577’2,)
m m
x S0 — k0 — K)F(k, k) \ HQET
control over mass scheme
d—o- 0:010 AU AQCDQ
dM 0.008 m
. peak shift
0.004 mt Mpe




Without Soft Drop:  pp — QCD

® Can be extended to pp (using N-jettiness)
A.Hoang, S. Mantry, A.Pathak, IS l

d’c SCET

—tr[Hp,, ST R...)QF 77
AT = WHon ST R o F 0 8 ST S /1 |

same jet functions! includes PDFs, multiple channels, HQET

color correlations, Jet Radius R, Jet veto, ISR, hadronization

: 0
O B.UT control of underlying event _ o< Lamon PUTHIAS A
is model dependent (a factorization 0020 sl <2.R =1 g8 - Zq (1 TeV)
° ° o - .
3 Y & UL partonic ]
violating effect). = 0015 — — hadronic+MPI -
_g [ — - - partonic + ) |
Simple one parameter function § 0010F — partonic @ F
does give a reasonable model B 0005" E
0000 "% 0 10 200

(IS, Tackmann, Waalewijn 2015) my [GeV]



With Soft Drop on one (or both) jets:

Restricted range, can only apply a “light soft drop” for tops:

L4

m

Q

2m

ert
QQ

g
( ) > Zeut >
Ensure soft drop

does not touch J;

o
N

0.001F

Ensure soft drop removes global
soft radiation from measurement

d?o
dM ng cut
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Pythia (Hadronic e+e-) versus (Hadronic+MPI pp)

0-15|||||||||||||||||||||||||||||

' - pp: pr = 750 GeV,R=1 i
WOW- \ ee: Ejet = 1200 GeV, hemisphere

5% =100 GeV, z¢yt =001, 8=1 ;

0.1— |
u pp Pythia(SoftDrop) _
5 ‘ g = ‘\‘\ — 0" @~ Pythia(SoftDrop) -
N - "‘\ we= === = pp Pythia(No SoftDrop) -
- AN —— w = o" e~ Pythia(No SoftDrop) -
0.05 N e G LI pp Pythia(No SoftDrop, MPI off) —
”
I I I I I I I I I I I I I I I I I I I I I I I I | I I I I
170 175 180 185 190 195 200
My [GeV]
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e+e- comparison with pp: MP| and Hadronization effects
(All curves with SoftDrop)

1 do
i Zout = 0.01, B=1
0.25 1
_ g pr or
0.201 | | pp : — [750,2000] hadronic+MPI
: peak postions: ’ ‘ .
o 173191 174.125 174.281 750,2000] hadronic
; : SR — [750,2000] partonic
|
- |
0.10f | eTe” : — 1800 GeV hadronic
| .
-/ | 1800 GeV  partonic
0.05f 22 , —
|
|
|
|

170 172 \174 176 178 180

Input mass in
Pythia =173.1 GeV
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Jet Radius
Dependence

residual dependence
~ 200 MeV (this pT)

0.15

0.1

1 do
O'dhdj

0.05

I I | I l I I I I | I I

pp—top jets, pr = 750 GeV

TBCUt= 100 GeV, No SoftDrop

— Pythia(NoCuts), R =0.7
m—— Pythia(NoCuts), R =0.8
s Pythia(NoCuts), R =0.9
s Pythia(NoCuts), R =1.0
—— Pythia(NoCuts), R =1.1
— Pythia(NoCuts), R =1.2
——  Pythia(NoCuts), R =1.5

180 185 190 195
M; [GeV]

0.15—
5 ™~
o ‘ % 0.1
— | b

0.05

I I I I | I I I I | I I | I I I I I I I I

pp-top jets, pr = 750 GeV

5% =100 GeV, zgyt =0.01,8=2

Pythia(NoCuts), R =0.7
Pythia(NoCuts), R =0.8
Pythia(NoCuts), R =0.9
Pythia(NoCuts), R =1.0
Pythia(NoCuts), R =1.1
Pythia(NoCuts), R =1.2
Pythia(NoCuts), R =1.5
Pythia(NoCuts), R =1.7
Pythia(NoCuts), R =2.0

200



0.15 I I I I [ | I I | I I | I | I I I I l | I | I I I I |
Bea C U t - pp->top jets, pr = 750 GeV ]
: Varying Beam Cut :
Dependence : NoSofbrop,R=1 " —— pymia, =25 -
0.1 s Pythia, 1g%'= 50 —
- e Pythia, 15%'= 75
5 ’ g - Pythia, 7%= 100 -
-5 T e Pythia, 7%= 125
- s Pythia, 15%= 150
0.05 Pythia, No Beam Cut |
q70 175 180 185 190 195 200
M; [GeV]
0.15 I I I I I I I I | I I I I | I I I I | I I I I | I I I I
- pp—top jets, pr = 750 GeV N
: Varying Beam Cut :
i Zeut =001,8=1,R=1 i
0.1— Pythia(NoCuts), 7g%"= 25 —
- Pythia(NoCuts), 75%“'= 50 -
5| = L . cut —
> ’ % — Pythia(NoCuts), tg " =75
-1 5 - Pythia(NoCuts), tg%"'= 100 -
- s Pythia(NoCuts), 75%Ut= 125 N
0.05 s Pythia(NoCuts), 15%'= 150 o
Pythia(NoCuts), No Beam Cut

Q7O 175 180 185 190 195 200



Z... dependence

Transition for “light grooming”
as predicted by factorization!

0.15 \\

[ [ [ I [ [ | [ | [ [ [ [ I [ [ [ [ | [ [ [ [ [ [ [ [
- pp-top jets, pr = 750 GeV y
i Varying zcyt N
: 3= =100,=1,R=1 i
01— I Pyth|a, Zcut= 01 —
- ‘ — Pythla, Zout = 0.05 ]
> .
% ‘ % - m— Pythia, zo,t= 0.01 B
— 1 B - s PYthia, zgyt = 0.005 =
- s Pythia, oyt = 0.001 .
0.05— & N No SoftDrop
q70 175 180 185 190 195 200



Pythia vs. Factorization
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I I I | I I I I I I

pp-top jets, pr = 750 GeV
zeut=0.01, B=2, (R=1, 75°"'=100 GeV)

Pythia vs. Factorization =
with SoftDrop :

01 Theory Hadronic: m;=173.6 —
s[5 Pythia Had+MPL: m;=173.1 _
d o)
mclude: 15 [ | (Qq, %)) = (1.57 GeV,0.98)
I I ]
MP - /)
) |
[ ] [ ] I
Hadronization |
0. | II | I | | I | | I | |
170 175 180 185 190
M; [GeV]
0.25 —

I I | I I I I | I I I I

pp-top jets, pr = 750 GeV
2cut=0.01, =2, (R=1, 7g*=100 GeV)

\
TN SN DI S S ——

Input mass in
Pythia =173.1 GeV

o
N

Illllllllll‘l

I

: Theory Hadronic: m;=173.6
| Pythia Had+MPI: m;=173.1
I

I

1

0.05

(Q1,xy) = (1.57 GeV, 0.98)

II[IIII]IIIIIIIIIIIIIIII

972 174 176 178 180



Pythia vs. Factorization
with SoftDrop

include:
MPI,
Hadronization

0.15

01—

0.05

I I [ | I I I I | I I I

pp—top jets, pr = 750 GeV
zeut=0.01, B=2, (R=1, 75°*'=100 GeV)

Theory Hadronic: my=173.4
Pythia Had+MPI: m;=173.1
(Q21,x) =(1.57 GeV,0.68) -

170 175 180 185 190
M; [GeV]
0.25 Il I I T T T | I I T T | l I I T
. . | pp—top jets, pr = 750 GeV
InPUt mMass In 0ol | zeut=0.01, B=2, R=1, 5"=100 GeV)
Pythia =173.1 GeV S
- l
0.15— [

[|IIII

0.05

I

: Theory Hadronic: m;=173.4
| Pythia Had+MPI: m;=173.1
I (Q1,x) = (1.57 GeV, 0.68)
I

[

III]I[II[IIIIIIIIIIIIIII

174 176 178 180



Pythia vs. Factorization
with SoftDrop

include:
MPI,
Hadronization

input mass in ———>

Pythia =173.1 GeV

0.15 :

01—

0.05

I I | | I I I I | I I

pp—top jets, pr = 750 GeV
zeut=0.01, B=2, (R=1, 75°*'=100 GeV)

Pythia Had+MPI: m;=173.1
(21, x9) =(1.37 GeV, 0.98)

Theory Hadronic: m;=173.7 —

180 185
M; [GeV]

0.05

I I I I l | I | I | I I I I

pp-top jets, pr = 750 GeV
Zeut=0.01, B=2, (R=1, 7g*'=100 GeV)

Theory Hadronic: m;=173.7
Pythia Had+MPI: m;=173.1
(21, x9) = (1.37 GeV, 0.98)

IIIIIIIIIIII|II]I

IIII|I

180



Adding NLL uncertainties

: pp—top je|ts, pr =750 Ge\lf - : | pp—top je|ts, pr =750 Ge\|7
| zeut=0.01, B=2, R=1, 5"'=100 GeV) i | zeut=0.01, B=2, (R=1, 75°*'=100 GeV)
0.15 | 0.15— ]
I Theory Hadronic m;=173.6 I I Theory Hadronic m;=173.4
: Pythia Had+MPLm;=173.1 £y 1:_ : Pythia Had+MPI m;=173.1
(21, xp) = (1.57 GeV, 0.98) - b - (1, x) =(1.57 GeV, 0.68)

01—

llll\llllllllllllll
]II[|IIII|IIII|IIII

I I
0.05 I 0.05 I
I I
I I
0. 1 | I N I B B I L 0. | | I I T |
170 175 180 185 190 170 175 180 185 190
M;j [GeV] M [GeV]
I I II I I I | | | I I | I
| pp—top jets, pr = 750 GeV
| zeut=0.01, B=2, R=1, 73"'=100 GeV)
0.15 ]
l Theory Hadronic m;=173.7
I
I Pythia Had+MPI m;=173.1
(Q1,x9) =(1.37 GeV, 0.98)

0.05

| Wl I I I | | I I l I I

e e s S S—

Q70 175 180 185 190



Looks very promising.

But note that this was high pT.
Not yet clear whether lower pT
values can be predicted with
SoftDrop.

(Pythia: curves do not change for lower pT with R=1)
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Pythia vs. Factorization, no SoftDrop

various pT

0.15

(include MPI & Had., stronger beam cut)

0.1

: , T 0.15

pp to tops, XCone Jets, MPI on

pr €450, 550) GeV, Beam Cut = 50 GeV
ARcyt =0.8,n€[-25,25]

m®YHID) - 173 1 GeV, m,TheOY) = 1722 GeV

1 1 ] LI | | I l LI |

pp to tops, XCone Jets, MPI on

pr €[550,750] GeV, Beam Cut = 50 GeV
ARcyt = 08,7 €[-25,2.5]

mPYHid) - 173 1 Gev, m,Theo)= 1722 GeV

B [ <
3 % L ; =05GeV | % L 0, =05GeV J
008 == == = NLL Theory, Modelon | assl == == = NLL Theory, Modelon
- e Pythia: MPI on -
0 l | | l ] o’ | | | ‘ 1 1 1 | 1 l 1
170 175 180 185 190 195 200 170 175 180 185 180 195
Mav Mav [GCV]
0151 T T ] T
pp to tops, XCone Jets, MPI on
pr €750,2000]) GeV, Beam Cut = 50 GeV
o1l ARcyt =08,7€[-25,2.5) )
. m YD) 2 173 1 GeV, m,(Theo) = 1722 Gev
3
3 -% L 0 =05GeV 4
- b
0061 == == = NLL Theory, Modelon
3 e Pythia: MPI on
0 I—,,, 1 1 1 1 1 1

170 175 180 185 180 195



Determine Glauber Lagrangian

0 0 O
E(S(%ETH — Lé(%ETH,S,{ni}—I_LE;’) (?7057 AS? g’nz y Anz)

IS, Rothstein arXiv:1601.04695
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“Factorization Violation” Phrase is used in different ways.

Reasons Factorization could fail:

e [Measurement doesn’t factor: no simple factorization with universal
functions. (eg.)ade algorithm)

® Divergent convolutions, not controlled by ones regulation procedures.

(Requires more careful definition of functions.) /1 i, .
— On\L,
o =7

® Interactions that couple other modes and spoil factorization.

—a———>——® —>-
N . T spectator-spectator
D VaVAlR i
Glauber exchange My’ . cancel in proof for Drell-Yan
—f—————o——<-

All examples of factorization violation | know of that has been studied in the literature
are related to Glauber exchange.
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Glauber Exchange could
violate factorization:

ST couples n-collinear,
\ * — °
- n-collinear, and
,/ N f d
VAR S [ soft modes
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Glauber’s dominate
Forward Scattering:

————————-
n ’ n

n-n
fwd. scattering

n-S :
fwd. scattering L

(small-x logs, reggeization, BFKL,
BK/BJMWLK, ...)



Modes: Akl large @

can do calculations with back-to-back collinear particles, then generalize

mode fields p* momentum scaling physical objects type
n-collinear En, AX (n-p,n-p,p1)~ QN 1, n-collinear “jet” onshell
n-collinear &, AL (n-p,n-p,p1) ~ QN 1, n-collinear “jet” onshell
Glauber -~ P~ QAN N), a+b > 2 forward scattering potential offshell
(here {a, b} = {2,2},{2,1},{1,2})
hard — p? > Q? hard scattering offshell
Integrate out
Need 3-types of Glauber momenta: i
(_I_a B )
—————— > ——-
— n : n
TL-1 : 2 2
. . Ho~ AT AT A
fwd. scattering . — P QLA
- ——o———-
s >1
mo YT o
n-s P~ QA2 A, N)
fwd. scattering | 5 .
< @ <

f'TL_S T 9
fwd. scattering : < P~ QA A% A)

— " (also scatter forward gluons)

V)
V)




Modes: Akl large @

can do calculations with back-to-back collinear particles, then generalize

mode fields p* momentum scaling physical objects type

n-collinear En, AX (n-p,n-p,p1)~ QN 1, n-collinear “jet” onshell

n-collinear &, AL (n-p,n-p,p1) ~ QN 1, n-collinear “jet” onshell

Glauber -~ P~ QAN N), a+b > 2 forward scattering potential offshell
(here {a,b} = {2,2},{2,1},{1,2})

hard - p? > Q? hard scattering offshell

Integrate out
Need 3-types of Glauber momenta:

. %——)-——?-——)-—ﬁ' 1 .
n-n 5 o =3 potentials
fwd.scattering , | 5 -
S ® instantaneous in 27, x~ (¢ and 2)
n-S
fwd. scattering . L
<t @ <

n-S ey om
fwd. scattering
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Goals for treating Glauber Operator in EFT:

® Hard Scattering and Forward Scattering in single framework

® Distinct Infrared Modes in : derive when eikonal
Feyn. Graphs + Power Counting approximation is relevant

® MS style renormalization for rapidity divergences
(counterterms, renormalization group equations, ...)

2
® Sum Large Logs: In (Q—) , In(x)

m,2

® Valid to all orders in Oty & clear path to study subleading power
amplitudes with Glauber effects (subleading ops & Lagrangians)

® Factorization violating interactions may also have factorization formulae
(could predict things about UE, etc.)

® Framework to (re)derive factorization theorems via +>§z
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II(O) > >J OB _—_ OBC OJC_|_> >J OzB_OJn

n 7)2 n 7)2
n,n 1,7=q,qg n 1,7=q,9
T (3 rapidity sectors) T (2 rapidity sectors)
. sum on all
sum pairwise .
collinears

on all collinears

® |Interactions with more sectors are given by T-products

® No Wilson coefficients ie. no new structures at loop level.

Uses SCET building blocks:

Xn — W;Egn w;b = S;Llws
1 . s 1 |
Blﬂlj_l_ — 5 [WJZDZJ_WR} BSJ_ ; [STZDgJ_S } BnAB — _ZfABCBgE

~uv AB __  : pABC ~uv A
Grv AB — _ pABC G
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II(O) > >J OB _—_ OBC OJC_|_> >J OzB_OJn

n 7)2 n 7)2
n,n v,j=q,9g n 1,7=4q,9
T (3 rapidity sectors) T (2 rapidity sectors)
. sum on all
sum pairwise .
collinears

on all collinears

® |Interactions with more sectors are given by T-products

® No Wilson coefficients ie. no new structures at loop level.

o =%,178 ¥, 037 = LFPOPBEL, T (PPBYY
037 = ynTBé s 018 = LpPePBEL, T (P phBYY

BC
;" = SMS{PESE SuPLy— PiraBYL SIS, — S1Su0BY Py — gBYL SIS gBY L, — "5 STigCL s, }
\n n nB __ n n
Op” = 8o (ws TB%%) 0" = 8ma, (§fBCDBSLu 2 - (P+PHB DM)
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Soft O°“ Operator OFC = 8ra, ) C;0F°

basis of O()\?) operators allowed by symmetries:
O1= PSSPy Os = P! Sp SnPiy,
O3 = PL-(9851)(S5Sa)+(Sy Sn)(9B851) P, On=PL(9B51)(SySn)+(S7Sn) (9B851) P,

Os = PH(STSn) (9B )+ (aBd)(SESR) P, Og = PiH(SES:) (9B ) + (9B )(SES,) P,
O7 = (9BY} ST Sn(gB%, ), Os = (9B} )SESn(gB%, ).

Oy = Sn,m, (igGh ) Sx, O19 = SEnun, (igGh)S,,,

™~ ™~

Restricted by:  Hermiticity O] .-=0; , oneS,, one Sy

’

operator identities: eg. [P!(S;Sx)] = —gB (Sy Sa) + (S, Sn)gBst
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One Soft Gluon:
EFT
QCD

> ?_[@6666\8 > 7 7 > {@@;‘;\S n ——)——-?-——)———’n,

s qf% qf% ) ar:  c

n < < (n ms

? q%% G Z

R T gy Lipatov vertex

Two Soft Gluons:
QCD EFT

3l
3l

A

Y
<
>

3l
3l

a
) i | ; T
n = S
R 5 s s
- D S S
———> __(__.. _(____
o P B ) n
200000000, §
) 200000000, S F—%; —————>—-7, >N
N D e B n .
S S
n n n S 8
S S S
S
- _ 7 _ noo. _
= - e 6—-<-71 e o711

i
+
|
s
“
|
‘.’

n
n = noog n n .
n g - .- 7 . S
[ ]

> o> —>— _ : S
n g " noog n . _
i § _ 7 E —++_'(__-n
‘—%—(—n —

s s

2-gluon vertex



Co=0y,=0C5 =05 =08 =C19g=0],

1
Cp=—-C3=—-C7=+1, 09:_5

OBC = sms{PﬁSE SiP1y— PrgBdi SISy — SLSngBu Pl — 9B SL SngBY, ,

__nuﬁy
2

N BC
St z’gGg“’Sn} .
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Requires rapidity regulator for Glauber potential |2k*|™ 70"
and for Wilson lines

_ —g [w[2P?| "/ _ —g Jwin-P|I7"_
Sn_zexp{np[ — n- A, Wn= ) exp —5 A

perms

(ala Chiuy, Jain, Neill, Rothstein) V%wz(y) et i () = 1

P~ A

01+ Modes distinguished

by rapidity

0. 1

017 1

RG scale: UV
— >
0) On QW p+

(Zero-bin subtractions, avoid double counting IR regions)
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Glauber Applications



Gluon Reggeization

ARV Consider separate rapidity renormalization
/ \ of soft & collinear component operators
A 1 AB 1 B
/ Either run collinear operators from v ~ /s
v~/ —t to v ~ +/—1, or run soft operator.
d qA gA qA gA as(p)C —t
VE(OW, +On ):’VRV(On +On ) Ty = S;ﬁ Aln(m)
(IR divergent)
gives: (i)_%”
—1

virtual anom.dim. is Regge exponent for gluon
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Forward Scattering & BFKL

Expand time evolution, do soft-collinear factorization term by term:
-2
(;

T exp i/d4:c £g(0) (x) = [1 +1 /d4y1 Lg(o) (y1) + 5

7 [ty dtys €80 () 250 ) +

o0 o0 k y k/
- . Ay Ay ,By--By
~1ET) ) [O%Az (‘M)} [O‘% b (Qi’L)] @Oy (qus - )
k=1k’'=1

L+ > U

k=1k'=1

Consider (linearized) forward scattering with one Glauber exchange,
but all orders in other interactions (eg. leading logs):

1 —_—
Ty = i > <pp’|U(Tl,1)|X><X\U(171)‘pp/> = ... =é=

* QJ_: :QJ_

B /‘p(udz(ﬁ Cn(q1,p")Sc(qL,q)Cr(d,p™)

after rapidity renormalization:

/
T,y = /dQ(JﬂFQl Cn(qi,p~,v)Sc(qr, ¢\, v)Culd ", V) q, : : q

collinear and soft functions
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Consider rapidity renormalization for soft function that appears here:

-~

Q’¢§ 5 7y T .
i o =590 d) M rapidity dl.ve.rgent
14! § ™ s real emission
| = (81?0 (2m)20%(qL+ 1)
/ , | q'y; :
s | s idity di
| ) o & 4o '| &  rapidity divergent
cancel 1/7n divergences 1t virtual
\ q4:
~ ~ are d
Sc(d1,qL,v) = /dziu Zse(qu k1) Sg(ki,q)) 0= v——S¢"(q1,q")
1%
d .
» VESG(QJJQS_?V) — /koJ_ /YSG(QJ_ak‘J_) SG(k‘J_,Qj_,V) eVOIUtlon
given by

QCAQS(N> /ko [SG(]CLAILV) Jf SG(QL)QL?”)] M
— - — == 1oN
o TR a e ) BFKL equatio
(see also work
by S. Fleming)

S . .
Sum usual LL: oF lnk(_t) in forward cross-section

: [or In(x) in DIS]
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Consider rapidity renormalization for soft function that appears here:

-~

7y s 7y rapidity divergen
e | e =590ud) | apidity divergent
a4 § at: s real emission
| = (8ma,)?6M (2m)%0%(qL+ q1)
/ , , gy :
qwé S S o Jo .
) o%| e +2 b ? rapidity divergent
" § virtual
q4:
~ ~ are d
SG(QL»QiaV):/dsz Zse(qu, ki) SE(kL,q)) ():yd_sgare(qbqi)
1%
d .
» VESG<QJ_7QS_7V) — /koJ_ /YSG(QJ_ak‘J_) SG(k‘J_,Qj_,V) eVOIUtlon
given by

_ QCAQS(N) /koJ_ [SG(kLv C]ia V) . q_f SG(QJ_7 C]la V)]
w2 (k1L —qL)? 2k% (kL — q1)?

BFKL equation

RGE consistency:

d CAOés 2 Cn(kJ_ap_ay) Q_E Cn(q_l_ap_al/)
_ d%k _

VEOn(QJ_yp 77/) — 2

—

(k1 —q1)? 2753(@ —q1)?

1
—5 (BFKL)
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Eilkonal Scattering | Rapidity regulator consistent with eikonal phase

Sum up Glauber Boxes

Ty @t ils g 3P o )T
: : : : _ ak? .- dkz |2k% (2k% —2k2) - - - (23, —2kZ.)2K%, | Ty Nn
krghs Rkt e Mk ke = i(=2¢*)NVHISET ) I(N)(C]L)/ : v [2ki (k7 .2) (2hyy-1 —2k) : vl
: : : : 2N (k% + Ay 400) - - - (=K% + Ay +00)
O —Cc—O—— O —<— o<
n ki-py kn-Dpy n

Fourier transform & :

N+1

) i n N+1 +0oo
= 2(—292)N+1S(N+1) [(N) (QJ_) (/4&775) / [ H

N
dx; |5,;j|1+’7] O(ro—x1)0(x3—12) - O(rN11—TN) XD [ Z iA (Tma1 — Tm)
j=1

m=1

need x; — 0
ordered collapse to equal

| - longitudinal postion
= —2%ig?)N s, 1V (q)) & P

ol tom)

Fourier transform ¢ | : / ' 2g, P03 GBox 3 2(q1) = (G(by) — 1)25™
N=0

~

gives classic eikonal scattering result: G(b)) = 1)

d(by) = —T1 @ T4 g (1) / = e'dLbs
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Hard Scattering ® The Cheshire Glauber

eg. Jr= (gan)S;QFSﬁ(ngﬁ) Active-Active and Soft Overlap

naive soft:
2) n S’ e g [ (1622 oo |1 ) V\{Ith Rhysmal
— el rer k2 —m2|[n -k +40][7 - k — i0] directions for
S Sngas{[—Qh(e,u2/m2) —|—ln’u—§<1+ln'u—22> e %1112#_22 B ;r_;] SOftWIlSOn |IneS
_ " K e S " in hard scattering
N, | 1 12
+ [(m)(z—l—lnm)]}
! true soft: includes 0-bin subtraction § =5 — S(&)  has no 7
-1
Y 4 term
v . Glauber:
8(\ . G . . ,
A _ FCQs | . M . .
A G =5 IUnF’Uﬁﬁl(m)(z +In W)] Glaubers give (i) terms

~

BUT (S—8Y)4+G=S5 @ sowedon'tsee Glauber in Hard Matching

® can absorb this Glauber into Soft Wilson
lines if they have proper directions
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Also true in the presence of additional emissions:

See) See See See See
_|_ - 1 n 2 3 4 5
€ € 0 a7
S
(3) S
n
Sge S,?e Gee Gee Gee
2L n
o
% : "//’é
[ ] / [ ]
S s 000 668
‘\ OG (3) * S
N7 N
Gee Gee n Gee G%e)
(2) .G //{ P dle @) 7
< S - $ o s
\\ (3) - EG 3 ~ \"\ %
physical: N . N i

Glauber again gives all (¢7r) terms here.
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Also true in the presence of additional emissions:

— S17) S5") S57) Si7) Ss")
& p @ a9 o (1) Yn - Yn Y,
S
(3) S (3) ) )
S %3“\ g
n n s 5 % O
Se") S7°) G7")
(2)
n S
/1
Gy°)
Ny

physical:

Glauber again gives all (¢7r) terms here.
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Also true in the presence of additional emissions:

pp

physical:

S1Y) 95")

Glauber again gives all (¢7r) terms here.
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Hadron Scattering Add interpolating fields for initial state hadrons.

P2 ___y_ P> _
N _ _ SY =, A
A n oy 1 1 n-pin- (P_pl)nPQn (P_pQ) u ’YJ_/Un
BN =57 | =3 =3 - >
Ny~ _ PiiPal neb n- P ¢ d E”
]3_?.-’:——4—7%—_; = ST E(p1L,p21), an €n
Active-Active Same correspondence:
e e _ Q G
MYe M hve W S =5-5¢
. %
) %m Y G — g6
T — N = —

(5-85+a=35
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Hadron Scattering Add interpolating fields for initial state hadrons.

P—> Pi—> -
== T _ ST = any vl
v, —57[ T 5 ] [ﬁ°p1ﬁ-(P—p1)n-pzn-(P—p2) e
— — =5 - _
_ DL P n-P n- P
7o 11 P21 ¢ ”9
[T SRR (S = P1L,P21),
D2—>

i -
—L — — — — — —_———
=T "7 n n
n*$\ (G) ) >—0->—
_ :13&/\/‘ G — On n/ :
n,~ i /AW
A — ——€—— > <—

e can absorb this Glauber into the Collinear Wilson line with
physical directions (note: connection to eikonalization)
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Spectator Scattering

==
(AN . . .
O no analogous soft or collinear diagrams at leading power
Ny -
<
=k———-)——?-—)-lrz P—;.:\___)._n]ﬁl:’. —a———>——0—>- e ——>— o —>—
AN : AN Y . N oL
_ »V G = _ + : + +
n o~ . n oy~ T : n - S
/{ . 7] /{ = /f . n v . ©f
ol el P e

= &7 /d‘d_riL Gky)E(piL +ki,po1 — k1) G (k) = Fourier Transform of e'?

:—SV/d‘d_%LG(kL)E(kL—ApL—%,ApL—kL—%) 4L = —piL— Pa1

Ap| = (pa1 —p11)/2

— /d“d_2lu G(ky) E'(Apy —k1,q1)

_ 5 / a2k, / d?72h, e~ b G(b,) / 442 AR VLR (1) g )
_ _SV/dd—sz e APLYL Bl q)) 9P = Aqo(Api,q))
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Spectator Scattering

o P1—>
\___-)—_'-_)-TZ P_;'T—--)'——l-' === — G ———>— ———->—
- : > n N . n > N qL = —p1L — P21
n N [ n*\ n¥\ . nV\ N .
B )&/\/\ G — _ + _ + _ + ...
Ny ) Ny 7 Ny — Ny LR Ap| = (p21 — pu) / 2
=O—/————(——;-—-(- p_?.-/———(—ﬁ2—_: =o-/———-(——5-—-(. =0—/———-(——0——0-—(—

_ S / A2, e APINL B (b, q)) €900 = Ags(Api,qi)

phase cancels IF we integrate over Ap,
/Jd_2APL ’ASS(APLaQL)‘Q

=17 /Jd_ZApL /dd_QbL A%, AP (B =b1) E'(by,q)ET (Y, ,q,) elts)mioll)

= |87 2/dd—2bL [E'(b1,q1)]

= \57|2/dd_2APL ’E'(APL,QL)IQ e e
IO n O n
LV Y
Active-Spectator and the Collinear Overlap n_~ 7 n_y¥ 7
— ———— — —— —L — o — — ——-
1 / .
e cancel! -c9 /ddlu G'(k)E(p+ki,p21)  NoOw need to integrate over p; |

(importance of Wilson line
71 directions for TMDs)



Spectator Scattering

—a———>———)> ———————>—
(AN " A n PR N =.\_ﬁy\ o n q. = —P1lL — P2l
_ /w G = _ /M —|— _ . —|— _ E E —|— “ e
Ny S Ny 7 Ny~ : 7 Ny LR Apy = (p21 —p11)/2
— el —— o — - P € ———- —o—————— - —l—— -«

cancel IF we integrate over Ap;

Measurements (like beam thrust & transverse thrust) that disrupt this

integration can cause a hon-cancellation.
& (Gaunt; Zeng)

Single t-scale SCET:

Ap, ~Aocp < T cancel as in inclusive DY, AC’?D < 1
up to power corrections

(Aybat & Sterman)
Ap| ~T,\/QT starts at O(a?), calculable
(cf. Gaunt; Zeng) factorization violation (77)® f ® f

Need a multi t-scale SCET for most interesting effects
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Summary

® Promising new method to measure Top Quark Mass

® EFT formalism for s > t, Fwd. Scattering & Fact.Violation
® Universal Operators that can be used for many processes & problems

® Reggeization, BFKL, Shockwave picture, S-G & C-G overlaps, ...

Future Directions

® More pT bins, NNLL, fits , combine SoftDrop & no SoftDrop, ...

® pp Monte Carlo calibration

® Joint DGLAP(1t) and BFKL(2) resummation for small-x

® Study and prove or disprove factorization for less inclusive processes

® |[mprove theoretical description of Underlying Event
o



